Repair of UV-irradiated bacteriophage in Escherichia coli by Weigle reactivation requires functional recA+ and umuD+C+ genes. When the cells were UV irradiated, the groE heat shock gene products, GroES and GroEL, were needed for at least 50% of the Weigle reactivation of the single-stranded DNA phage S13. Because of repression of the umuDC and recA genes, Weigle reactivation is normally blocked by the lexA3(Ind-) mutation (which creates a noncleavable LexA protein), but it was restored by a combination of a high-copynumber umuD+C+ plasmid and a UV dose that increases groE expression. Maximal reactivation was achieved by elevated amounts of the Umu proteins, which was accomplished in part by UV-induced expression of the groE genes. By increasing the number of copies of the umuD+C+ genes, up to 50% of the normal amount of reactivation of S13 was achieved in an unirradiated recA+ host.
Induction in Escherichia coli of the SOS repair process by DNA-damaging agents is under the control of the recA and lexA gene products; cleavage of the LexA repressor by activated RecA protein induces the synthesis of the UmuDC polypeptides, which are needed for mutagenic repair (1, 8, 17) . The two groE genes, groES and groEL, are among the 20 E. coli heat shock genes whose expressions are induced at high temperature by the rpoH gene product (10) . The GroE proteins stabilize UmuC and enhance UV mutagenesis (4) , indicating that the groE gene products have a role in UV mutagenesis in addition to that of the recA and umuDC gene products. This phenomenon led us to ask whether GroES and GroEL are also involved in Weigle reactivation, which is the SOS repair of UV-irradiated bacteriophage. Phage S13 was chosen for study because its growth is not groE+ dependent and because its single-stranded DNA cannot be repaired by either excision or recombinational repair. Therefore, the reactivation of phage S13 could be attributed only to recA'-and umuD+C+-dependent mutagenic repair. The fact that UV irradiation also induces synthesis of the GroE proteins (2) in a LexA-independent process (9) suggests that SOS repair can be explained, in part, by UV-induced expression of the groE+ genes. We show in this paper that the GroE pathway contributes at least as much as the LexA pathway to UV induction of SOS repair.
Strains and media. The bacteria were derivatives of E. coli K-12 strain AB1157. Except for IT2134, all strains contained the sulAll dinDl::Mu d(Ap lac Ts') alleles. IT2134 is our stock of JC11824, a lexA3(Ind-) derivative of AB1157 provided to us by M. R. Volkert. pSE117 is a high-copy-number umuD+C+(Ampr Kan) plasmid (12) , and pSE137 is a lowcopy-number umuD+C+(Spc) plasmid (6); both were provided by G. C. Walker. The original groES30 and groEL100 strains were obtained from C. P. Georgopoulos; the lexASJ(Def) strain was obtained from D. W. Mount. Phage S13 was the UV target for Weigle reactivation. XrecA1202 (Prtc) makes a RecA protein that can be activated by RNA and an enlarged number of nucleotide cofactors (25, 26) to produce a strong constitutive protease activity (20 (23) . Because inactivation of S13, with and without repair, is an exponential function of the dose (23), the measured value of W is independent of the survival of the virus. The sensitivity of the measurement, however, increases with the UV fluence; the lower the viral survival, the greater is the ratio Sa/Sb, which determines how accurately one can measure W. Our procedure of irradiating the virus to a survival of 10-7 to 106 increases the accuracy to a level at which it is possible to measure small values of W (.0.02) reliably. groE mutations reduce W. Activation of the RecA protein by UV irradiation of a lexA+ XrecA+ strain that also contained the groE+ allele produced W -0.26 ( Fig. 1) , which is close to the maximum value possible for UV-irradiated encapsidated S13 DNA. But in groES30 and groEL100 mutants, the reactivation was reduced significantly: W reached a value only about 48% of that for the groE+ strain. Thus, intact groE genes are required for maximal reactivation of UV-damaged phage S13, and their function accounts for at least half of the total reactivation. Since both groE genes are essential for survival (7), the mutants probably have some residual GroE activity, which if completely eliminated might result in even less repair. Furthermore, the effect of the groES30 mutation could be countered by a high-copy-number umuD+C+ plasmid ( Fig. 1 To determine how Weigle reactivation might benefit from UV-induced expression of the groE genes, we chose conditions that block the induced expression of the recA and umuDC genes that occurs through the activation of the RecA protein. Our approach was based on the use of the lexA3(Ind-) mutation, which produces a noncleavable LexA protein that maintains the umuDC and recA genes at their repressed levels of expression (11, 15) . When the mutation was combined with a high-copy-number umuD+C+ plasmid, pSE117, UV irradiation of the cells at a level of about 16 J/m2 increased W for UV-irradiated S13 to 0.16 ( Fig. 2) , which is about 60% of the value (0.26) that we observed in a lexA+ strain (Fig. 1) . The role of UV in this experiment was not simply to activate the RecA protein, for when we replaced the recA+ gene by XrecA1202(PrtC), which makes a RecA protein that is cornstitutively activated without any need for UV irradiation (20) , the result was essentially the same: the optimum fluence of UV irradiation produced W = 0.17 (Fig.  2) . For strain IT2022, which contained the recA1202 allele but not the plasmid, UV irradiation was not effective in stimulating repair of the inactivated virus (Fig. 2) , supporting the view that UmuDC protein was limiting.
Since expression of the recA and umuDC genes cannot be induced in a lexA3(Ind-) strain by activation of the RecA protein, the large increase in the value of W could be a result of the UV induction of the groE genes; that would increase UmuC activity by stabilizing (4) the UmuC protein synthesized at its relatively low basal level. We tested this idea by introducing the groES3O and groEL100 mutations into the lexA3(Ind-)(pSE117) strain (high-copy-number umuD+C+ 40 UV dose to cells (J/m2) FIG. 2. Weigle reactivation of UV-irradiated S13 in lexA3(pSE117) strains. Bacteria were grown, UV irradiated, and plated as described in the legend to Fig. 1 , except that kanamycin (30 ,ug/ml) was added to the tryptone broth for the pSE117-containing strains and all plates were incubated at 35°C. The phage was irradiated to a survival of 7 x 1ot. Strain IT2134 was the reference strain. Symbols: *, IT2134 (lexA3 groE+ recA'); 0, IT2134(pSE117); U, IT2022 (lexA3 groE+ XrecA1202); L, IT2022 (pSE117); A, IT2822(pSE117) [lexA3 groES30 recA+(pumuD'C+)]; C, IT2824(pSE117) [IexA3 groEL100 recA+(pumuD+C+)]. genes) and measuring W for inactivated S13 at different UV doses to the host. As expected, W was reduced significantly by the groE mutations (Fig. 2) . Data not shown in Fig. 2 revealed for the lexA3(Ihd-) XrecA1202(pSE117) strain that W was reduced by the groE mutations to 0.07 at a dose to the cells of 16 J/m2. These results suggest that limiting factors for Weigle reactivation in lexA3(Ind-) strains are the amounts of UmuD+C+ and GroE+ proteins, since the combination of pSE117 and UV irradiation was needed to restore the ability of the lexA3(Ind-) strain to repair damaged S13 and since UV irradiation was relatively ineffective in the groE mutants. The elevated amounts of the GroE as well as the UmuDC proteins may help to provide maximal reactivation of UV-irradiated S13.
Reactivation of S13 in a recA+ cell without UV irradiation of the cell. UV-damaged double-stranded DNA of phages P22 and ES18 (14) and phage X (24) can be reactivated even in an unirradiated cell if it contains plasmid R46 or its derivative pKM101, both of which code for two genes analogous to umuDC (16) . By use of a high-copy-number umuDC plasmid, we found substantial.reactivation of the UV-damaged single-stranded DNA of S13 in unirradiated lexA+ recA+(pSE117) cells: W = 0.10 (Table 1) , which is about 40% of the maximum value in Fig. 1 . The reactivation was also highly mutagenic; the specific mutation frequency (mutations per lesion repaired) for temperature-sensitive mutations was 0.058. Reactivation was even more effective in the lexA71(Def) strain EST1585(pSE137) ( Table 1 ; W = 0.17); although the umuDC plasmid had a low copy number, its effectiveness was increased by its being constitutively derepressed. A similar result was seen when the high-copynumber plasmid pSE117 was inserted into strain IT2199; in that case the experiment was performed at 41.5°C to avoid the cold sensitivity of the cell arising from the excessive amount of UmuDC proteins (12) . Since proteolysis of UmuD apparently requires activated RecA (19) , it seems that a small amount of activation must occur even in an unirradi-NOTES a Bacterial cells were grown and plated with the UV-irradiated phage as described in the legend to Fig. 1 , except that kanamycin (30 ,ug/ml) or spectinomycin (50 p,g/ml) was added to the tryptone broth for strains containing pSE117 or pSE137, respectively. All plates were incubated at 35°C, except where 41.5°C is indicated for the cold-sensitive lexASJ(Def)(pSE117) strain (12) and the parental lexASl(Def) strain. The phage was irradiated to a survival between 1.3 x 106 and 2.4 x 10-7. Strain IT1865 (lexA71::Tn5 umuD+C+ ArecA306) was the reference strain for W = 0.
b The UV dose for irradiation of IT2159 was an optimum fluence of 50 J/m2. ated cell, possibly at spontaneously occurring lesions, at the replication fork (13, 18) , or as the result of the infection by the irradiated virus (3) . That only a small amount of activated RecA protein is needed in a lexA(Def) cell has already been shown by the effectiveness of recA(Prtc) mutants with weak protease strength (21) . Finally we observed that even a cell containing the constitutively activated RecA1202(Prtc) protein can benefit to a small extent by UV irradiation (Table 1 ; % AW/W = [15 + 3]%). Despite its small size, the relative increase in W is significant for two reasons: (i) the error, determined from three highly consistent measurements of the ratio, was quite small; and (ii) the value W = 0.31 is close to, if not at, the saturation value, so the increase was about as large as it could possibly be. The increase may have been due in part to induced expression of the groE genes with the resultant increased stabilization of UmuC.
Conclusions. We have shown that the groE+ genes are normally needed for at least half the SOS repair of UVinduced lesions in phage S13. The amount of Umu proteins appears to be a limiting factor in SOS repair that can be dealt with in two distinct ways by the cell after UV irradiation: (i) by induced expression of the umuDC genes via activation of RecA, and (ii) by induced expression of groE genes, which should increase the stability of UmuC. By providing enough of the UmuDC proteins, it was possible to restore SOS repair in groE cells and to obtain a substantial amount of repair in recA+ groE+ cells without any exogenous source of DNA damage other than the irradiated single-stranded DNA virus. Furthermore, we observed that the repair in the unirradiated recA + cells produced temperature-sensitive mutations at the high specific mutation frequency (mutations per lesion repaired) of 0.058, which is almost indistinguishable from the average value, 0.070, obtained with recA(Prtc) strains (21, 22) . It seems, therefore, that repair in the unirradiated recA+ cells was close to its maximum mutagenic potential.
Our observation that UV-induced repair was enhanced by the groE+ genes fits together nicely with two observations involving the GroE proteins: (i) they are induced by UV irradiation (9) , and (ii) they stabilize the UmuC protein, thereby increasing its net activity (4) . Our data all suggest that much of the UV-induced repair may be brought about by UV induction of groE expression. We have not ruled out the possibility that UV-induced expression of other non-SOS genes is also involved.
The substantial amount of repair of UV-irradiated S13 that could be produced in a single infection of an unirradiated recA+ cell by virtue of having a high-copy-number umuDC plasmid is further testimony to the critical importance of having a sufficient quantity of UmuDC proteins; W amounted to 40 to 50% of what would be obtained in the normal case of an irradiated recA+ cell not carrying the plasmid.
The groE mutations may conceivably have a greater effect on mutagenesis than they do on repair. For example, the groES30 allele reduces the frequency of argE3 -> arg+ to 13% of the groES value (4), while we observed that repair of the UV-irradiated S13 was only reduced to 50%. The comparisons are not exact, but they do raise the interesting question of whether the residual repair might be less mutagenic in groE mutants.
The use of the GroE proteins to stabilize the UmuC protein appears to be an economical way for the cell to rapidly induce SOS repair while normally keeping the UmuC level especially low. Repression by LexA reaches a point of diminishing returns. With the design of an unstable UmuC that can be stabilized by GroE, the cell is able to keep the normal level of UmuC even lower than the repressed state would allow, while induction of groE expression by UV can then assure a very rapid rise in the amount of UmuC when DNA repair is needed.
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